Context. Observations of transiting extrasolar planets are of key importance to our understanding of planets because their mass, radius, and mass density can be determined. These measurements indicate that planets of similar mass can have very different radii. For low-density planets, it is generally assumed that they are inflated owing to their proximity to the host-star. To determine the causes of this inflation, it is necessary to obtain a statistically significant sample of planets with precisely measured masses and radii. Aims. The CoRoT space mission allows us to achieve a very high photometric accuracy. By combining CoRoT data with high-precision radial velocity measurements, we derive precise planetary radii and masses. We report the discovery of CoRoT-19b, a gas-giant planet transiting an old, inactive F9V-type star with a period of four days. Methods. After excluding alternative physical configurations mimicking a planetary transit signal, we determine the radius and mass of the planet by combining CoRoT photometry with high-resolution spectroscopy obtained with the echelle spectrographs SOPHIE, HARPS, FIES, and SANDIFORD. To improve the precision of its ephemeris and the epoch, we observed additional transits with the TRAPPIST and Euler telescopes. Using HARPS spectra obtained during the transit, we then determine the projected angle between the spin of the star and the orbit of the planet. Results. We find that the host star of CoRoT-19b is an inactive F9V-type star close to the end of its main-sequence life. The host star has a mass M * = 1.21 ± 0.05 M and radius R * = 1.65 ± 0.04 R . The planet has a mass of M P = 1.11 ± 0.06 M Jup and radius of R P = 1.29 ± 0.03 R Jup . The resulting bulk density is only ρ = 0.71 ± 0.06 g cm −3 , which is much lower than that for Jupiter. Conclusions. The exoplanet is an example of a giant planet of almost the same mass as Jupiter but a ≈30% larger radius.
Introduction
The discovery of gas-giant planets orbiting their star at distances ≤ 0.1 AU more than 15 years ago was surprising, and their study is still an active field of research. A key observation for understanding these objects are those of transiting planets because they allow us to determine their true mass, radius, and full orbital parameters. For some transiting planets, it is even possible to determine the projected angle between the stellar rotation and orbital spin axes. Thus, transiting planets allow us to obtain very detailed information that is essential to constrain models of the formation and evolution of extrasolar planets.
The determination of the mass and radius and hence the density of extrasolar planets led to a rather unexpected result that planets of the same mass can have very different radii and thus very different bulk densities. Planets of very low density are pos-
The CoRoT space mission, launched on December 27, 2006, has been developed and is operated by the CNES, with the contribution of Austria, Belgium, Brazil, ESA (RSSD and Science Program), Germany and Spain. Partly based on observations obtained at the European Southern Observatory at Paranal, Chile in program 184.C-0639, and partly based on observations conducted at McDonald Observatory.
sibly inflated owing to their close proximity to the host star. To aid our understanding of why close-in planets are inflated, it is essential to obtain precise values for the masses and radii of many extrasolar planets orbiting stars of different mass, temperature, luminosity, and orbital distances. Since accurate planetary parameters are crucial for modeling the structure of the planet, it is preferable to have precise measurements of a small sample of transiting exoplanets, rather than low precision measurements of a larger sample. Space-based transit search programs are ideal for this purpose because their high sensitivity and excellent timecoverage enables us to explore a wider range of planet densities, and orbital periods.
Here we present the discovery of CoRoT-19b, a planet with the mass of Jupiter but a radius that is substantially larger. By determining the properties of the planet and its host star precisely, we thus add in an important piece to the puzzle of exoplanets.
The CoRoT light-curves
CoRoT-19 was continuously observed with the CoRoT satellite from March 5 to 29, 2010 in the chromatic mode. The coordinates, proper motion, and brightness of the star are given in Fig. 1 . DSS image of the field. The jagged outline at the centre is the photometric aperture mask (North is up, east is right). Table 1 . Fig. 1 shows an DSS image of the field with the mask image superimposed. The sampling of the light-curve was 32 seconds, thus 65123 photometric measurements in three colours were obtained. Six full transit-like events were visible, and a seventh one was partly covered. The transit-like events are periodic with a period of 3.8971272±0.000020 days. The depth of successive transits was constant to within 0.79 ± 0.02 %. Fig. 2 shows the monochromatic light-curve of the transit produced by the standard CoRoT pipeline (version 2.1), after combining the signal from the threecolour channels (Auvergne et al. 2009 ) and co-adding all transits.
The fitting of the transit lightcurve was carried out by two groups independently and both obtained consistent results (Table 5 ). For the light-curve modeling, we used a contamination factor of ≤ 0.32% and a circular orbit (see Sections 3 and 4.2) .
The first analysis used the Markov chain Monte Carlo (MCMC) algorithm described by Tegmark et al. (2004) and Holman et al. (2006) for the implementation described in Gibson et al. (2010) . Using this method, we found that a/R * = 6.79 ± 0.20, R p /R * = 0.07699
Independently of the MCMC method, we carried out another analysis using a genetic algorithm optimization. This al- lowed us to verify the uniqueness of the solution. The data was fitted using the model of Mandel & Agol (2002) after it had been phase-folded. The free parameters are: the epoch, the ratio of the semi-major axis (a) to the star's radius (R * ), the ratio of the radius of the planet to stellar radius k = R p /R * , and the impact parameter (b = a cos i/R * , with the inclination i). We used the limb darkening coefficients published by Sing (2010) as defined by Brown et al. (2001) using the T eff , log g-values, and metallicity of the star derived in Section 4.3 and given in Table 5 . The accuracy is thus limited only by the accuracy with which the stellar parameters were determined. The phase-folded light-curve of the transit together with the best-fit solution obtained is shown in Fig. 2 . The results and the 1σ uncertainties are a/R * = 6.68 ± 0.13, R p /R * = 0.0786 ± 0.0004, and
The agreement between the two methods is thus good.
The times of the mid-points of the transits are given in Table 2 . The errors in the measurements are on average 2.3 minutes, and the difference between the calculated times of the transit are on average 2.9 minutes. There is no evidence of transit timing variations.
Excluding a background binary within the photometric mask
Since the photometric mask of CoRoT has a size of 30 ×16 , we must confirm that the transits are caused by and not by an eclipsing binary within the photometric mask. To demonstrate this, we took images during transit ("on") and images out of transit ("off") (Deeg et al. 2009) . If the transit were caused by an eclipsing binary within the photometric mask, an eclipsing binary in the background would be correspondingly fainter in the image taken during transit than in the image taken out of transit. For this purpose, we used MONET (located at McDonald Observatory, USA), the OGS a 1 m telescope (located at Izaña Tenerife, Spain), the 1 m telescope of the Florence George Wise Observatory (Israel), and the Euler telescope (located at La Silla Chile). We detected only two stars within the mask, CoRoT-19, and a star that is labeled No. 5 in fig. 1 . This star has m R = 19.93 ± 0.070 mag, and leads to a contamination factor of ≤ 0.32%. Star No.5 is thus to faint to cause a transit with a depth of 0.79 ± 0.02 %. After confirming that CoRoT-19 was the object experiencing a transit, we observed two additional transits with the TRAPPIST (Gillon et al. 2011) , and Euler telescopes to improve the accuracy of the ephemeris. This step was important because CoRoT-19b was observed by CoRoT for only 24 days. The detection of the transit on the target with ground-based telescopes Table 2 .
Spectroscopic observations
We obtained high-resolution echelle spectra of CoRoT-19 to determine its mass, radius, and other host star properties, which were than used to derive the mass, radius and the equilibrium temperature of the planet, T eq , of the planet. The detection of the radial-velocity (RV) signal of the planet confirms the nature of the photometric transit. All RVs obtained are listed in Table 3 . Fig. 3 shows the phase-folded RV-measurements together with the orbit.
Radial-velocity measurements

HARPS
We took 19 spectra of CoRoT-19 with the HARPS spectrograph between 2010 December 15 and 2011 March 6 (Pepe et al. 2002; Mayor et al. 2003 ) (ESO program 184.C-0639). The spectra obtained have a resolving power λ/∆λ ≈ 115 000 and cover the region from 3780 Å to 6910 Å in 72 spectral orders. Eleven of the nineteen HARPS spectra were taken during a transit in order to detect the Rossiter-McLaughlin effect (Sect. 5), and the other spectra were used to determine the mass of the planet. The spectra were reduced and extracted using the HARPS pipeline (bias subtraction, flat-fielded, scattered light subtraction, and wavelength calibration). The sky-fibre was used to remove stray-light from the moon if necessary. The RVs were determined by using a cross-correlation method with a numerical mask that corresponds to a G2 star (Baranne et al. 1996; Pepe et al. 2002) . The RV-measurements were obtained by fitting a Gaussian function to the the average cross-correlation function (CCF), after discarding the ten bluest and the two reddest orders of the spectra that were of a low signal-to-noise ratio (S/N).
SOPHIE
We obtained seven spectra with the SOPHIE spectrograph on the 1.93 m telescope at the Observatoire de Haute-Provence, France (Bouchy et al. 2009; Perruchot 2008) . For our observation, we used the high efficiency mode, which has a resolution of λ/∆λ = 40 000 and covers the wavelength region from 3872 Å to 6943 Å in 39 spectral orders (eight bluest and five reddest orders were discarded because of the low S/N). The reduction was performed in a similar way to that for HARPS spectra.
FIES
Five spectra were also taken with the fibre-fed echelle spectrograph FIES, which is mounted on the 2.6 m Nordic Optical Telescope (NOT) at Roque de los Muchachos Observatory (La Palma, Spain) in program P42-216. We used the 1.3 highresolution fibre, which gives a resolving power of λ/∆λ ≈ 67 000 and covers the wavelength range 3600 -7400 Å. The data were reduced using standard IRAF routines. The RVs were obtained using the RV standard star HD 50692 (Udry et al. 1999) , which was observed with the same instrumental set-up.
SANDIFORD
Two additional RV measurements were performed on spectra acquired with the Sandiford Cassegrain echelle spectrometer (SANDIFORD) mounted at the Cassegrain focus of the 2.1 m (82 inch) Otto Struve Telescope at McDonald Observatory, Texas, USA. The spectra cover the wavelength range 5000-6000 Å with a resolving power of λ/∆λ ≈ 47 000. The adopted observing strategy, data reduction, and RV-determination were the same as FIES.
The mass of the planet and its orbit
In total, we obtained 33 spectra of CoRoT-19 of which 12 were taken during transit. For the orbit determination, we excluded from the analysis all measurements taken during the transit, and the first SOPHIE measurement (BJD=2455513.6) because it was a clear outlier.
Since the observations of the transits allow us to determine the period and epoch to a very high accuracy, we used these values. The best-fitting orbit was derived by minimizing the χ 2 using the Downhill Simplex Algorithm (Nelder & Mead 1965) . The errors given in Table 5 correspond to the 68% confidence level using the bootstrap method. The best-fit model curve is shown in figure 3 and the parameters obtained are given in Table 5 .
The scatter around the best-fit model orbit is comparable to the typical error bar for each dataset. The errors were determined from the photon noise and the wavelength calibration (Bouchy et al. 2001) . The scatter around the best-fit solution is 12.2 m s −1 , 23.4 m s −1 , and 8.6 m s −1 for HARPS, SOPHIE, and FIES, respectively. The two SANDIFORD measurements differ on average by 5.5 m s −1 from the fitted curve (Table 3) , with a confidence level of 95% (resp. 99%) that the orbital eccentricity is smaller than 0.12 (0.15).
The detection of the RV-variations with the correct period and phase lends strong support to the planet hypothesis. However, to prove that the RV-variations are caused by the planet, we also analyzed the spectral line asymmetry, which we measured by determining the bisector of the CCF function of the HARPS spectra taken out-of-transit (Queloz et al. 2009 ). The lack of correlation between the bisector and the RV-variations shows that the RV-variations are caused by the planet (Fig. 4) .
The properties of the host star
To determine the photospheric parameters of CoRoT-19, we constructed a master spectrum by co-adding the HARPS spectra after shifting them to the same RV zero point. The master spectrum has a S/N of 130 at 5500 Å.
Following the method described in Deleuil et al. (2008) and Bruntt et al. (2010) , the spectral analysis was performed using the semi-automatic package VWA (Bruntt et al. 2002; 2008; . The parameters of the star are T eff = 6090±70 K, log g = 4.0 ± 0.1 [cgs], and [Fe/H] = −0.02 ± 0.10 [dex]. Using the Spectroscopy Made Easy (SME) method (Valenti & Piskunov 1996) , we obtained T eff = 6200 ± 70 K, log g = 4.2 ± 0.1 [cgs], and [M/H] = 0.1 ± 0.1 [dex] , which is in agreement with the VWA method. The abundances derived are given in Table 4 , and all other parameters of the star are given in Table 5 ).
Instead of using log g from the spectroscopic analysis to determine the mass and radius of the star, we used the value M 1/3 R −1 obtained from the light-curve analysis, and the spectroscopically derived T eff , and [Fe/H] because the log(g) determined in this way has a smaller error than the spectroscopic determination. Since the mass and radius of the star are derived from the evolutionary tracks, the parameters of the planets also depend on the accuracy of the tracks. We thus determined these parameters using two different sets of tracks. The STAREVOL evolution tracks (Palacios, priv. comm.) yield a 0.0518 ± 0.0008
Transit parameters k = R p /R * 0.0786 ± 0.0004 (2) Scaled semi-major axis a/R * 6.7 ± 0.1 (2) (
0.64 ± 0.02 (2) Impact parameter b
0.24 ± 0.08 (2) Inclination i [deg] 88.0 ± 0.7 Linear limb darkening coefficient u + 0.58 ± 0.02 Linear limb darkening coefficient u − 0.09 ± 0.04
Spectroscopic parameters of the star Effective temperature T eff [K] 6090 ± 70 Surface gravity log g [cgs] 4.07 ± 0.03
Physical parameters M v 3.40 ± 0.05
1.2 ± 0.5 Distance of the star d [pc] 770 ± 160 Star mass [M ] 1.21 ± 0.05 (3) Star radius [R ] 1.65 ± 0.04 (3) Mean stellar density ρ * [g cm −3 ] 0.38 ± 0.03 Age of the star [Gyr] 5 ± 1 (3) Planet 2 Derived from light-curve fitting using the MCMC and genetic algorithm 3 Derived by using the evolutionary tracks published by Girardi et al. (2000) . The values are agreement with STAREVOL tracks 4 Impact parameter is defined as b = a·cos i R * 5 sky-projected angle between the planetary orbital axis and the stellar rotation axis mass of M * = 1.20±0.06 M , and a radius of R * = 1.62±0.08 R for the star. We also used a Bayesian estimation of stellar parameters (da Silva et al. 2006 ) and the evolutionary tracks published by Girardi et al. (2000) to determine the stellar parameters. These tracks were tested by Baines et al. (2009) ing the diameters of stars derived from the tracks with the diameters measured directly with the CHARA interferometer. Using these tracks, we obtained M * = 1.21 ± 0.05 M , and R * = 1.65 ± 0.04 R , which are values entirely consistent with those from STAREVOL. By combining the radius of the star with the relative size of the planet determined from the transit curve (Table 5) , we derived a radius for the planet of R p = 1.29 ± 0.03 R Jup . The absolute magnitude of the star is M v = 3.40 ± 0.05, and the distance 770 ± 160 pc, if we take the extinction of Av = 1.2 ± 0.5 into account. The star is close to the end of the H-burning phase and has an age from four to six Gyrs. Using the HARPS spectrum, we obtained v sin i = 6 ± 1 km s −1 . This means that the rotation period of the star is P rot ≥ 14 d. The star was not detected in the ROSAT all-sky survey and we did not detect either the Li I line at 6707.8 Å or an emission component in the Ca II H &K lines in the master spectrum. In summary, the host star is an old, inactive F9 V star close to the end of its life on the main-sequence.
The Rossiter McLaughlin effect
The spectroscopic transit CoRoT-19 was observed with HARPS to detect the Rossiter-McLaughlin (RM) anomaly. This apparent distortion of the stellar lines profile owing to the transit of a planet in front of a rotating star allows us to measure the skyprojected angle between the planetary orbital axis and the stellar rotation axis λ (e.g. Bouchy et al. 2008 ). Fig. 5 shows the RVmeasurements obtained with HARPS after subtracting the orbit. The uncertainties were determined from the obtained χ 2 surface, taking into account the errors in the K-amplitude, V r , and i. The RM effect is marginally detected (at 2.3σ) with λ = −52 +27 −22 deg. There is thus a hint that the system is misaligned but to only at the 2σ-level.
Discussion and conclusions
In Fig. 6 we present the mass-radius diagram for transiting planets and brown dwarfs. The objects marked with a large blue point are those discovered by CoRoT, the objects with small points are those detected with other instruments. The planet CoRoT-19b is indicted by a large red dot and the two arrows. The two CoRoTplanets above are CoRoT-1b (Barge et al. 2008) and CoRoT-12b Gillon et al. (2010) . Their densities are 0.38 ± 0.05 Fig. 6 . Mass-radius diagram of the planets and brown dwarfs. CoRoT-19b is marked with a thick red point and by the arrows, all other objects discovered by CoRoT are indicated by the tick blue points, and planets discovered in other surveys are shown as small (black) points. and 0.31±0.08 g cm −1 , respectively, a bit lower than CoRoT-19b, which has 0.71±0.06 g cm −1 . Thus, CoRoT-19b is an example of an inflated extrasolar planet but is less extreme than the others.
